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Abstract
Off-shell processes do not preserve the Energy Momentum Tensor (EMT) in QFT.
Fixing the EMT throughout off-shell processes, implies a graviton-like quantum
field to emerge without dynamics. Its dynamics are generated through quantum
corrections. This Fixed Off-Shell Energy Condition (FOSEC) implies the existence
of a linear gravity-like theory, and in special cases the full Poincare` gauge theory.
In this work it is shown that imposing the FOSEC in QFT implies the emergence
of a viable quantum theory of gravity.
Introduction
The quantization of gravity remains as one of the most important problems to be solved
in theoretical physics. The fact that the standard quantization approach does not work
for gravity, suggests that its nature is different from other forces. One approach is to
treat gravity as an emergent phenomenon instead of a fundamental one [1–5]. In this
approach, the gravitational degrees of freedom emerge from the dynamics of fundamental
ones.
The emergence of gravity can happen at different levels [6]. Since the standard theory
for gravity is General Relativity (GR), one can search for the emergence of the spacetime
curvature from flat spacetime processes. Once the curvature appears, its dynamics can be
induced through quantum corrections a` la Sakharov [7,8]. Any acceptable theory should
resemble GR in some limit [9, 10].
In GR, the source of spacetime curvature is the Energy Momentum Tensor (EMT), which
exists regardless of the existence of gravity in the theory. This makes the EMT the natural
source for the emergence of gravity [11].
A system that has translation invariance, has a conserved EMT. However off-shell field
configurations do not conserve it, even with translation invariance. This is usually disre-
garded since off-shell processes are, by definition, non observable.
The aim of the paper is to explore the consequences of fixing the EMT through off-
shell processes. It will be shown that imposing the Fixed Off-Shell Energy Condition
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(FOSEC) is equivalent to adding a graviton field without dynamics from which a full
theory of gravity can be induced.
The outline of the paper is as follows: in section 1, the implications of the FOSEC
are studied. It is shown that the FOSEC is equivalent to adding a graviton without
dynamics. In section 2 the graviton dynamics are induced a` la Sakharov. In section 3, it
is shown that in special cases, the FOSEC can generate the full Poincare` gauge theory,
which contains GR as a subset. In section 4 it is discussed the equivalence of the FOSEC
complying theory to an emergent gravitational theory and how it circumvents some of
the usual problems of quantum gravity.
1 Fixed off-shell EMT
The EMT is conserved due to the translation invariance of a lagrangian
Tµν(Ψ) =
δL
δ∂µΨ
∂νΨ− ηµνL, (1)
where Ψ represents an arbitrary field, and the lagrangian L is a functional of Ψ. This
is the canonical definition of the EMT, which is not necessarily symmetric nor gauge
invariant. It can be made so by adding an identically conserved superpotential term [18]
Tµν → Tµν + ∂ρχµρν , with χµρν = −χρµν . (2)
The observable field configurations, called on-shell, comply with their corresponding equa-
tions of motion. The field configurations that do not comply with them are the non
observable virtual particles called off-shell field configurations. The EMT is conserved
∂µTµν(Ψ) = ∂νΨ
(
∂µ
δL
δ∂µΨ
− δL
δΨ
)
, (3)
when the equations of motion are fulfilled i.e. when the term inside ellipsis vanish.
Therefore off-shell field configurations do not conserve the EMT. This is not a problem
since they are not observable. It would be interesting to build a theory that conserves
the EMT even through off-shell processes.
QFT can be treated through the path integral formalism. It based on the lagrangian
L(Ψ) of a set of classical fields Ψ. Instead of obtaining the physical observables from the
lagrangian directly, they are obtained from the partition function
Z =
∫
DΨeiS(Ψ) =
∫
DΨei
∫
d4x L(Ψ), (4)
which is a functional integral over all possible field (on and off-shell) configurations. This
partition function Z is infinite and should be normalized. All physical observables O can
be obtained from this partition function as [12,13]
〈O(Ψ)〉 =
∫ DΨ O(Ψ) ei ∫ d4x L(Ψ)∫ DΨei ∫ d4x L(Ψ) . (5)
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The path integral method is the most symmetrical way to treat QFT [14–16]. In this
formalism one can impose the FOSEC by limiting the integration space to only the to
only the field configurations that fulfill the FOSEC. This is defined as
Z =
∫
Tµν(Ψ)−T 0µν
DΨei
∫
d4x L(Ψ), (6)
where Tµν(Ψ) is the functional EMT of the fields Ψ while T 0µν is a function defining the
total energy-momentum of the specific considered system. One can limit the range of the
integration by allowing the integration over all field configurations but introducing a δ
Dirac measure
Z ′ =
∫
DΨei
∫
d4x L(Ψ) δ(Tµν(Ψ)− T 0µν). (7)
The addition of this Dirac measure to the functional integral defines the FOSEC. This
way the functional integral is evaluated only through field configurations that have their
EMT fixed to be T 0µν .
The introduction of the δ Dirac measure in the functional integral reduces the degrees of
freedom of the fields. It is clear that the FOSEC can only be applied on systems with
multiple fields so that the functional integral is evaluated over more than 6 degrees of
freedom (since the EMT has 6 independent components). In theories with less than that,
the functional integral either could be evaluated exactly, therefore suppressing quantum
effects, or it couldn’t be evaluated at all. In realistic models, such as the Standard
Model, the number of fields is much larger, so the FOSEC can be applied consistently.
The FOSEC fixes the total EMT but the energy or momentum of a specific field is never
known exactly, complying the uncertainty principle.
The effects of adding a total derivative to the lagrangian are usually ignored as they
don’t affect the equations of motion. However they affect the EMT since it has a term
proportional to the lagrangian. A total derivative in the lagrangian has physical effects
when gravity is present. The T 0µν must the total energy of the system, including the
energy of the vacuum (which is a total derivative) to impose the FOSEC consistently.
Quantum fluctuations define the vacuum energy. Specifically the vacuum bubble dia-
grams define a constant energy everywhere, which is infinite. Since it is only a constant,
it won’t have any physical impact in the theory and can be renormalized to zero. One
could assume a non zero value for the vacuum energy and interpret that quantum pro-
cesses draw energy from there. The physical motivation of the FOSEC is to limit the
quantum fluctuations of the fields so that they don’t draw more than the available en-
ergy from the vacuum. The energy that the quantum processes need, must come from
the vacuum energy, which is assumed finite in this work.
The definition of the FOSEC in eq. 7, needs a δ Dirac measure. Using the functional
integral (up to irrelevant constants [17])
δ(ψ − φ) =
∫
Dξ e−i
∫
d4x ξ(ψ−φ), (8)
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the primed partition function can be rewritten as
Z ′ =
∫
DΨ ei
∫
d4x L(Ψ) δ(Tµν(Ψ)− T 0µν) =
∫
DΨDh ei
∫
d4x L′(Ψ,h),
with L′(Ψ, h) = L(Ψ)− 1
2
hµν
(
Tµν(Ψ)− T 0µν
)
,
(9)
where there is an arbitrary coupling constant which can be reabsorbed into the hµν . The
Z ′ can be rewritten in the standard form
Z ′ =
∫
DΨ˜ ei
∫
d4x L′(Ψ˜), (10)
where Ψ˜ = (Ψ, h), fulfilling all the necessary condition for a consistent probability measure
[15]. One could arrive at the same result by having a standard partition function and
adding a field hµν to the lagrangian as a Lagrange multiplier to fulfill the FOSEC. This is
the standard path integral formalism and all the changes amount to the new interaction to
the added field hµν . This field and the T 0µν must be invariant under all internal symmetries,
as the EMT is. They must transform as a rank 2 tensor under Lorentz symmetry, so that
all the original symmetries are preserved. If T 0µν is required to be Lorentz invariant, it
must have the form T 0µν = Λ0ηµν . If T 0µν is required to be scale invariant, it must vanish.
The FOSEC is equivalent to adding a quantum field hµν coupling to the original fields
through their EMT, just as a graviton would. There is a functional integration over hµν ,
as there is for any quantized field. There are no dynamical terms for this graviton-like
field.
The coupling of the emergent graviton to matter is not the standard one, since it couples
to the difference Tµν − T 0µν . This fact important cosmological implications. One can
impose the FOSEC by requiring the total EMT with vacuum contributions is always a
constant, i.e. that there is a fixed positive amount of energy everywhere. Therefore when
a particle is created, the energy of the vacuum is lowered so that the sum of the energy
of the particle and the vacuum is always constant. This is done by fixing
T 0µν = Λ0ηµν . (11)
In this case the coupling of the graviton is the standard one, to the EMT of the fields,
with Λ0 a negative cosmological constant.
1.1 EMT fixing in QFT: Scalar fields
The lagrangian of a complex scalar field φ in flat spacetime can be written as
L(φ) = ηµν (∂µφ)† ∂νφ−m2φφ†, (12)
where ηµν = diag(1,−1,−1,−1) is the Minkowski metric and m is its mass. The sym-
metric EMT of the complex scalar field is
Tµν(φ, φ
†) = 2 (∂µφ)
† ∂νφ− ηµνηαβ (∂αφ)† ∂βφ+ ηµνm2φφ†. (13)
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The FOSEC effective lagrangian is
L′(φ, h) =
(
ηµν
(
1 +
1
2
h
)
− hµν
)
(∂µφ)
† ∂νφ−
(
1 +
1
2
h
)
m2φφ† +
1
2
hµνT 0µν , (14)
where h = hµνηµν . By defining the metric
gµν = ηµν + hµν , (15)
and keeping only the linear terms, one obtains
gµν = ηµν − hµν +O(h2), √−g = 1 + 1
2
h+O(h2), (16)
with g = det(gµν). The effective lagrangian can be written as
L′′(φ, g) = √−g
(
gµν (∂µφ)
† ∂νφ−m2φφ† − 1
2
gµνT 0µν +
1
2
T 0
)
= L′(φ, h) +O(h2). (17)
One concludes that the effective lagrangian of a scalar field complying with the FOSEC,
is equivalent to the scalar field lagrangian in a curved spacetime (with a source term T 0µν)
up to linear order.
1.2 EMT fixing in QFT: Fermionic fields
The lagrangian of a spin 1/2 fermion ψ is
L(ψ) = i
2
ψ¯γµ∂µψ − i
2
∂µψ¯γ
µψ −mψ¯ψ, (18)
with a canonical EMT [19]
Tµν(ψ) =
i
2
(
ψ¯γ(µ∂ν)ψ − ∂(µψ¯γν)ψ
)− i
2
ηµν
(
ψ¯γµ∂µψ − ∂µψ¯γµψ
)
+mηµνψ¯ψ. (19)
The FOSEC effective lagrangian is
L′(ψ, h) = i
2
(ηµν (1 + h)− 2hµν) (ψ¯γµ∂νψ − ∂νψ¯γµψ)−m(1 + h)ψ¯ψ + T 0µνhµν . (20)
As done before, this new lagrangian coincides with the one of linearized gravity with no
dynamic term for the graviton. The usual curved lagrangian for a fermion uses a first
order formalism, using the vierbein instead of the metric
eaµe
b
νηab = gµν , (21)
and it requiress the spin connection Ωµ. The curved spacetime lagrangian for a fermion
(with a source T 0µν terms) is
L′′(ψ, e) = i
2
|e| (ψ¯eµaγa (∂µ − Ωµ)ψ)−m|e|ψ¯ψ − |e|2 eµaeνbηabT 0µν + |e|2 T 0 + h.c. (22)
Linearizing the vierbein as
gµν = ηµν + hµν , e
a
µ = δ
a
µ +
1
2
haµ +O(h2), eµa = δµa −
1
2
hµa +O(h2), (23)
the expansion of the connection is Ω = O(h2), so that it doesn’t contribute at linear
order. Therefore the equivalence holds [20]
L′′(ψ, δ + h) = L′(ψ, h) +O(h2), (24)
just as the in the previous case.
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1.3 EMT fixing in QFT: Generalization
It has been shown that imposing the FOSEC is equivalent to introducing an auxiliary field
hµν reminiscent of the graviton without dynamical terms. In general, the linearization of
a lagrangian of an arbitrary field (or collection of fields) Ψ in curved space is
L′′(Ψ, g) = L(Ψ)− hµν δL
′′(Ψ, g)
δgµν
∣∣∣∣
gµν→hµν
+O(h2), (25)
where the functional derivative with respect to gµν is the Einstein-Hilbert EMT. It is
equivalent to the symmetrized canonical EMT [18].
The conservation of the EMT is a consequence of translation invariance of the lagrangian
xµ → xµ + ξµ, (26)
with ξµ an arbitrary constant vector. By adding the hµν field, this global symmetry
becomes a local one, with the gauge transformation
xµ → xµ + ξµ(x),
hµν(x)→ hµν(x) + ∂µξν − ∂νξµ. (27)
These are known as the diffeomorphism transformations. All lagrangians obtained through
the FOSEC, as in eqs. 9 and 25, are invariant under this local symmetry [21,22].
1.3.1 Global to local symmetry
Following Noether’s theorem, a lagrangian invariant under a continuous transformation,
xµ → xµ + δxµ, Ψ→ Ψ + δΨ, (28)
has the conserved current
jµ =
δL
δ∂µΨ
δΨ−
(
δL
δ∂µΨ
∂νΨ− ηµνL
)
δxν . (29)
The second term is just the canonical EMT. Previous sections have studied the effects
of fixing the EMT through off-shell processes. One can also study the effects of fixing
off-shell the conserved current due to an internal symmetry.
Let the lagrangian of the fields Ψ, have a global internal symmetry corresponding to a
Lie group G, with generators T a (where a runs through the algebra indices). A field in
the fundamental representation transforms as
Ψ→ eiTaαaΨ, (30)
where the αa are arbitrary constants. The symmetry implies the conservation of the
vector current
jaµ = iT
aΨ
δL
δ∂µΨ
. (31)
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If this current is required to be fixed through off-shell processes to be J a0µ , then
Z ′ =
∫
DΨ ei
∫
d4x L(Ψ) δ(jaµ(Ψ)− J a0µ ) =
∫
DΨDA ei
∫
d4x L′(Ψ,A),
with L′(Ψ, A) = L(Ψ)− ig˜Aµa
(
T aΨ
δL
δ∂µΨ
− J a0µ
)
,
(32)
where g˜ is an arbitrary constant that becomes the gauge coupling. This is equivalent to
changing derivatives to covariant gauge derivatives through the minimal coupling, up to
linear order.
The J a0µ would define the on-shell value of the current of a specific system. Note that in
the special case that it vanishes, the effective lagrangian adds the minimal coupling to a
gauge field up to linear order. Therefore, starting from a lagrangian with a global sym-
metry and imposing the vanishing (J a0µ = 0) of its conserved current off-shell, generates
a gauge theory up to linear order in its coupling g˜.
One concludes that in a system with a global symmetry, the imposition of the conserved
current to be fixed through off-shell processes, changes the global symmetry to a local
symmetry (up to a lineal order).
2 Induced dynamics
Imposing the FOSEC, effectively adds a quantum field hµν to the lagrangian, with no
dynamical terms. These arise from quantum corrections.
2.1 Scalar field
In the scalar case, one can rewrite the FOSEC fulfilling action from eq. 14 as
S ′(φ, h) =
∫
d4xL′(φ, h) =
∫
d4x
(
φ†Dsφ+
1
2
hµνT 0µν
)
, (33)
with
Ds = −
[
ηµν
(
1 +
1
2
h
)
− hµν
]
∂µ∂ν −
[
1
2
ηµν∂µh− ∂µhµν
]
∂ν −
(
1 +
1
2
h
)
m2. (34)
Using the standard background field method for the scalar field [23, 24], the first loop
contribution is [25–29]
S ′(1)(h) = i ln det(Ds/D0s) = iTr ln(Ds/D
0
s), (35)
where D0s is the operator for a suitable background reference (for example D
0
s = Ds|h=0)
and it is necessary to use the identity
S ′(1)(h) = iTr ln(Ds/D0s) = −iTr
∫ ∞
0
dτ
τ
(
e−iτDs − e−iτD0s
)
. (36)
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The D0s cancels infinities, but will contribute to the final lagrangian as a constant that
can be ignored. One can write the exponential operator in terms of the kernel function
e−iτDsφ(x) =
∫
d4yK(τ ;x, y)φ(y), (37)
which satisfies the Schro¨dinger-like equation
i
d
dτ
K(τ ;x, y) = DsK(τ ;x, y), K(0;x, y) = δ(x− y). (38)
The first loop contribution can then be rewritten as (ignoring the constants coming from
D0s)
S ′(1)(h) = −iTr
∫ ∞
0
dτ
τ
e−iτDs = −i
∫ ∞
0
dτ
τ
∫
d4x tr K(τ ;x, x). (39)
One can use the heat kernel expansion [31]
K(τ, x, x) =
i
(4piiτ)2
∞∑
n=0
(iτ)nAn(x), (40)
where An are invariants built from Ds. From eq. 34, one can define the differential
operator (acting on a vector vν) as
∇sµvν =
([
δαν
(
1 +
h
2
)
− ηβνhβα
]
∂µ − δαν ∂µ
h
2
+ ηβν∂µh
βα
)
vα, (41)
and the function
Es =
(
1 +
1
2
h
)
m2, (42)
so that
Ds = η
µν∇sµ∂ν − Es. (43)
One can build the effective curvature tensor from the operator of eq. 41 as
[∇sµ,∇sν ]vβ = (Rs)αβµνvα, (44)
whose invariant contractions define the An coefficients. Each An is an invariant under
the original symmetries built from a total n powers of (Rs)αβµν and/or Es [31]
An = An
( (
(Rs)αβµν
)nr
, (Es)ne
)
, with nr + ne = n, (45)
with positive integers nr, ne, n. The leading contributions are [27]
A0 = I, A1 = k1 η
µν(Rs)αµαν + k
′
1Es, (46)
where the k1, k
′
1 are constants that can be explicitly calculated, but not relevant for this
work [31].
The leading first loop contributions are
S ′(1)(h) =
∫
d4x L′(1)(h) +O
(
(∂h)4
)
, (47)
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with
L′(1)(h) = Λ
4
2
h+
M2P
2
(
1
2
∂αhµν∂αhµν − ∂νhµν∂αhµα + ∂αh∂µhµα − 1
2
∂αh∂
αh
)
, (48)
where the MP is the effective Planck scale and Λ the cosmological constant. They arise
from the integration of τ , the mass of the scalar and the constants k1, k
′
1.
The same result can be obtained by adding higher order terms that comply with the
original symmetry of the lagrangian. In this case it is the diffeomorphism symmetry,
defined by the transformations in eq. 27 [32, 33]. The second term from eq. 48 is the
usual dynamical term for a spin 2 field with diffeomorphism symmetry, i.e. the standard
graviton [34].
The dynamical terms are generated and the coupling constants are fixed too. They
are defined in terms of the constants of the original theory [40]. The masses of the
fields, together with the regulator (due to the τ integral) define the effective coupling
constants [43, 45–47]. In models with scale invariance, these constants are finite without
relating to a renormalization scale and defined by the EMT of the theory [23, 41, 42, 44].
In this setup, the T 0µν would define them. The specific dependence of the induced MP
and Λ from the constants of the original theory lies beyond the scope of this paper, and
they don’t change the conclusions. Regardless of their explicit value, it has been shown
that with the FOSEC at one loop, there emerges a calculable effective action for quantum
gravity [48,49].
2.2 Fermion field
In the Dirac fermion case, the lagrangian in eq. 20 is already on the form
S ′(ψ, h) =
∫
d4x ψ¯Dψψ + T 0µνhµν + h.c., (49)
with
Dψ =
i
2
[ηµν(1 + h)− 2hµν ]γµ∂ν −m(1 + h). (50)
Using the standard background field method for the fermion field, the first loop contri-
bution is
S ′(1)(h) = iTr ln(Dψ/D0ψ) =
i
2
Tr ln(Dψ/D
0
ψ)
2, (51)
where D0ψ = Dφ|hµν = 0 absorbs the infinities and make the term inside the logarithm
dimensionless. The operator is then squared to remove the Dirac matrix dependence.
The mass dependent term does not have any gamma matrices and can be calculated
explicitly, with the same result as in the scalar case. Therefore one can work out them = 0
case, knowing that at the end there is a term Λh added in the first loop contribution.
Using {γµ, γν} = 2ηµνI, the squared operator is
D2ψ = −
1
4
[ηµν(1 + 2h)− 4hµν ] ∂µ∂ν − 1
4
[2ηµν∂µh− 4∂µhµν] ∂ν +O(h3), (52)
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up to second order in hµν . One can obtain the operator
∇ψµvν =
([
δαν
(
1
4
+
h
2
)
− ηβνhβα
]
∂µ − δαν ∂µ
h
2
+ ηβν∂µh
βα
)
vα +O(h3), (53)
and define an effective curvature tensor
[∇ψµ ,∇ψν ]vβ = (Rψ)αβµνvα = (Rs)αβµνvα +O(h3). (54)
At leading order one can obtain the same result as in eq. 48. The constants k1, k
′
1 would
have an extra 1/2 factor, due to the squaring in eq. 51 [39].
2.3 Internal global symmetry
The case with internal global symmetries described in section 1.3, would also induce
dynamical terms at the first loop for the emergent fields. If one has a a scalar, the first
loop contribution is
S ′(1)(A) = iTr ln(DA/D0A), with DA = η
µν(∂µ − ig˜Aµ)∂ν . (55)
From it, one can define the differential operator (acting on a vector vν) and the curvature
tensor
∇Aµ vν = (∂µ − ig˜Aµ)vν , [∇Aµ ,∇Aµ ]vα = Fµνvα. (56)
Following the same procedure as in sec. 2, one obtains trivial A0,1 terms, so that the first
contribution is
A2 = k2η
µαηνβFµνFαβ, (57)
that generates the action, at first loop order
S ′(1)(A) =
∫
d4x
1
4
F µνFµν +O(F 4), (58)
which is the usual dynamical term for a gauge theory. The same happens with a fermion
up to different constants [39].
Indeed it has already been pointed out that strong interactions may arise if the color
currents are fixed to vanish in the way that has been described above [38]. One can have
an induced gauge theory from fixing the conserved current through quantum processes
and their degrees of freedom come from the ones of the original fields [35–37].
3 Poincare` gauge theory
Imposing the FOSEC into a lagrangian is equivalent to adding a graviton whose dynamics
arise through quantum corrections. A linear theory is obtained in general. Self couplings
arise from higher order corrections [50–52]. It has been shown that emergent gravitons
have self-couplings consistent with GR [45]. In special cases, the emergence of GR can be
shown explicitly from the original theory. These cases are the scalar without a potential
and the massless fermions.
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3.1 Massless scalar
The lagrangian of a massless is
L(φ) = ηµν (∂µφ)† ∂νφ. (59)
With the FOSEC it becomes
L′(φ, h) =
(
ηµν
(
1 +
1
2
h
)
− hµν
)
(∂µφ)
† ∂νφ+
1
2
hµνT 0µν . (60)
One can make he substitution(
ηµν
(
1 +
1
2
h
)
− hµν
)
=
√−ggµν , (61)
which changes the measure as
Dh = Dg
(∏
x
det
δh
δg
)
= Dg
(∏
x
√
|g|
)
= Dg
(
eiTr(−
i
2
ln |g|)
)
, (62)
where determinants of constant matrices can be ignored. This transforms the FOSEC
action as
S ′(φ, g) =
(∫
d4x L′(φ, g)
)
− i
2
Tr ln |g|, (63)
with
L′(φ, g) = √−g gµν (∂µφ)† ∂νφ+
√−g
2
(
−1
2
gµνT 0µν +
1
2
T 0
)
, (64)
where the first term is equivalent to the lagrangian for the scalar in curved spacetime.
Scalars have no intrinsic angular momentum so the lagrangian does not involve any
connection. The whole lagrangian is fully covariant when T 0µν = Λ0gµν , with Λ0 a constant.
The ln |g| term from the measure change will be discussed in the next section.
3.1.1 Induced dynamics from massless scalars
One can rewrite the lagrangian from eq. 64 as
L′(φ, g) = √−gφ†Dgsφ+
√−g
2
(
−1
2
gµνT 0µν +
1
2
T 0
)
,
with Dgs = g
µν∂µ∂ν +
1√−g∂µ(
√−ggµν) = (gµν∂µ − gαβΓναβ)∂ν ,
(65)
and Γναβ = ∂αgβν + ∂βgαν − ∂νgαβ, is the standard Levi-Civita connection.
Following the same procedure as in section 2, the first loop order contribution is
S ′(1)(h) = iTr ln(
√−gDgs/D0s). (66)
Since they have the same form, one can add the extra term from the change of measure
in eq. 63 to the first loop contribution
S ′(1)(h)− i
2
Tr ln |g| = iTr ln(Dgs/D0s), (67)
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which is the one loop contribution of a scalar in a curved background without dynamics
[29,40]. Following the same procedure as in sec. 2, one can define the operator
∇sgµ vν = (δαν ∂µ − Γαµν)vα, (68)
which is the standard covariant derivative and defines Dgs = g
µν(∇gs)µ∂ν . With the
standard covariant derivative one can define the Riemann curvature tensor
[∇sgµ ,∇sgν ]vα = Rβαµνvβ. (69)
The coefficients An are built of invariants made from contractions of n powers the curva-
ture tensor and the metric tensor
An = An
(
(Rβαµν)
n, gδγ
)
. (70)
The first two leading contributions are [26,28–30]
A0 = k0
√−g, A1 = k1
√−g gµνRβµβν = k1
√−gR, (71)
where R is the Ricci scalar. Since the Ricci scalar is defined only in terms of gµν , there
is no torsion nor nonmetricity generated.
It is important to remark the physical changes the ln |g| term makes. In the case without
the ln |g| term, the coefficients would be calculated from eq. 66 directly, in terms of
[
√−g∇sgµ ,
√−g∇sgν ]vα = −g Rβαµνvβ, (72)
since ∇sgµ
√|g| = 0. While this does not affect A0, it changes the dependence of
A1 = A
(
|g|Rβαµνvβ, gδγ
)
= k˜1
√−gR, (73)
which is the same invariant but with a different constant. Since the functional dependence
of the A1 of R is different, the equations it fulfills would change the coefficient [31].
Therefore the effect of the ln |g| coming from the change of measure can be absorbed into
the heat kernel expansion in terms of the same invariants but changing the coefficients.
Here they are not calculated explicitly, therefore these changes are not relevant for this
work.
At leading order, the first loop contributions are
S ′(1)(g)− i
2
Tr ln |g| =
∫
d4x L′(1)(g) +O(R2), (74)
with
L′(1)(g) = Λ
4
2
√−g + M
2
P
2
√−gR, (75)
where the effective cosmological constant and Planck scale are obtained in terms of the
k coefficients and the regularization of the τ integration from eq. 39, together with the
value of T 0µν .
In the case where T 0µν = Λ0gµν , the resulting theory has full coordinate invariance.
The standard lagrangian for a massless scalar with GR and quantized metric has been
obtained. One can conclude that, in the massless scalar case, one obtains standard GR
at leading order.
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3.2 Massless fermions
In section 1.3.1, it was shown that a gauge theory, up to linear order, can be obtained
from a theory with global symmetry. This is done by requiring the off-shell vanishing of
its conserved current. In the case of a fermion lagrangian, the gauge coupling is linear so
the full gauge theory is obtained.
When considering fermions, the FOSEC should be enhanced with the requirement of a
fixed angular momentum tensor. It is independent of the EMT, due to the non triv-
ial Lorentz representation of the fermions. This would generate the full T 4 n SO(3, 1)
Poincare` gauge theory which has GR as its subset [53–55].
The lagrangian of a massless fermion ψ is
L(ψ) = i
2
ψ¯δµaγ
a∂µψ + h.c., (76)
where the spacetime indices µ are different from the spin ones a. Imposing the FOSEC
with the EMT
T aµ (ψ) =
i
2
ψ¯γa∂µψ − i
2
δaµδ
ν
b ψ¯γ
b∂νψ + h.c., (77)
generates the lagrangian
L′(ψ, e) = i
2
(
δµa
(
1 + δbνe
ν
b
)
+ eµa
)
ψ¯γa∂µψ + e
µ
aT 0aµ + h.c. (78)
The angular momentum tensor has an orbital part, which is fixed off-shell if the EMT
is. The spin tensor is independent from the EMT and it can be required to be fixed
off-shell too. It will be required that both the EMT and the spin tensor be fixed off-shell
simultaneously. This is done by fixing the spin tensor of the FOSEC fulfilling lagrangian
from eq. 78, which is
Sµbc =
(
δµa
(
1 + δbνe
ν
b
)
+ eµa
)
ψ¯γaσbcψ, where σab =
i
2
[γa, γb]. (79)
Requiring this tensor to vanish off-shell yields the lagrangian
L′(ψ, e, ω) = i
2
(
δµa
(
1 + δbνe
ν
b
)
+ eµa
)
ψ¯γa
(
∂µ − i
4
ωµbcσ
bc
)
ψ + eµaT 0aµ + h.c., (80)
where ωµab is the spin connection, whose integration fixes S
µab to vanish. It is multiplied
by an arbitrary constant chosen to be i/4 to resemble the spin connection in curved
spacetime. The eµa can be redefined as
e˜µa = e
µ
a + δ
µ
a
(
1 + δbνe
ν
b
)
, (81)
which doesn’t change the measure, up to an irrelevant constant. The lagrangian can be
rewritten as
L′(ψ, e˜, ω) = i
2
e˜µaψ¯γ
a
(
∂µ − i
4
ωµbcσ
bc
)
ψ + e˜νb (δ
µ
ν δ
b
a − δbνδµa/5)T a0µ + h.c., (82)
which is already equivalent to the curved space fermion lagrangian with the Goldberg
variables [22]
e˜µa = |e|eµa . (83)
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This changes the measure as
De˜ = De
(∏
x
det
δe˜
δe
)
= De
(∏
x
|e|
)
= De (eiTr(−i ln |e|)) , (84)
where determinants of constant matrices can be ignored. This transforms the FOSEC
action
S ′(ψ, e, ω) =
(∫
d4xL′(ψ, e, ω)
)
− i Tr ln |e|, (85)
with the lagrangian
L′(ψ, e, ω) = i
2
|e|eµaψ¯γa
(
∂µ − i
4
ωµbcσ
bc
)
ψ
+ |e|eνb (δµν δba − δbνδµa/5)T a0µ + h.c.,
(86)
whose first line is the standard fermion lagrangian in curved space as in eq. 22 with no
dynamical terms for eµa , ωµab. The tetrad field is independent of the spin connection. This
is in general true since the spin connection fully contains the information of the torsion
and nonmetricity, which are not related to the metric. In this emergent setup, the spin
connection arises from fixing the spin tensor, which is antisymmetric. There is no reason
for the symmetric part of the spin connection to exist. Therefore no nonmetricity can be
generated, but torsion can be nonzero. The existence of an independent gauge symmetry
would forbid the appearance of torsion.
3.2.1 Induced dynamics from massless fermions
One can follow the same procedure as in sec. 2. By writing the FOSEC lagrangian from
86 as
L′(ψ, e, ω) = i
2
|e|ψ¯Dgψψ + |e|eνb (δµν δba − δbνδµa/5)T a0µ + h.c., (87)
with the operator
Dψg =
i
2
|e|eµaγa
(
∂µ − i
4
ωµbcσ
bc
)
, (88)
one obtains the first loop contributions
S ′(1)(e)− i Tr ln |e| = iTr ln(Dgψ/D0ψ) =
i
2
Tr ln(Dgψ/D
0
ψ)
2. (89)
The absorption of the ln |e| term works just as in sec. 3.1.1. The differential operator
is squared to eliminate the gamma matrix dependence. After some simplifications it
becomes [56]
(Dψg)
2 =
(
gµν∂µ − gαβΓναβ −
i
4
gµνωµbcσ
bc
)(
∂ν − i
4
ωνfgσ
fg
)
, (90)
where the Γναβ is the standard Christoffel symbol. One can obtain the exact same dif-
ferential operator acting on a vector as in eq. 68, and the differential operator acting on
fermions
∇ψgµ Ψ =
(
∂µ − i
4
ωµabσ
ab
)
Ψ. (91)
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Note that the spin connection is unrelated to the metric tensor. One can obtain the
invariant terms from these operators
[∇sgµ ,∇sgν ]vα = Rβαµνvβ, [∇ψgµ ,∇ψgν ]Ψ = ΩµνabσabΨ, (92)
where
Ω abµν = ∂[µω
ab
ν] + ω
ac
[µ ω
b
ν]c . (93)
Since they are independent, the leading order terms in the expansion are a sum of the
independent invariants [28,29]
A0 = k0|e|, A1 = k1|e|R + k′1|e|eµaeνbΩ abµν . (94)
The first loop contributions are
S ′(1)(e)− iTr ln |e| =
∫
d4x L′(1)(e) +O(R2 + Ω2), (95)
with
L′(1)(e) = |e|Λ
4
2
+
M2P
2(k1 + k′1)
|e|(k1R + k′1eµaeνbΩ abµν ). (96)
At this order, the equations of motion of the spin connection are
∂[µe
a
ν + ω
a
[µ be
b
ν] = 0, (97)
relating the spin connection to the metric a` la Palatini. However this relation happens
only at first order. Since there are higher order terms, the actual relation would be
ωµab = ωˆµab +wµab, (98)
where ωˆµab satisfies eq. 97 and wµab is related to torsion and nonmetricity, whose invariant
dynamical terms are also induced and are included in the terms of eq. 96 [29, 57]. Since
the object arises as a Lagrange multiplier of the spin tensor it must be antisymmetric.
Therefore the nonmetricity is zero [58]. If there where to be a gauge symmetry, the
appearance of torsion would be forbidden, then eq. 97 would be exact.
In this case GR has emerged enhanced (with a possible nonzero torsion when there are no
gauge symmetries) and zero nonmetricity. If T 0µν = Λ0gµν and the spin tensor vanishes,
the model is fully covariant.
It was shown that a lagrangian with a massless fermion that fulfills the FOSEC, together
with the off-shell vanishing of the spin tensor, generates the full Poincare` gauge theory
which has GR as a subset. The standard lagrangian for a massless fermion in GR (when
torsion vanishes) with quantized tetrad field has been obtained.
4 Emergent gravity
Assuming the FOSEC on a lagrangian implies the addition of linear gravity to that
lagrangian. In the special cases shown in sec. 3 the complete Poincare` gauge theory or
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GR appear [53, 59, 60]. In these specific cases, the dynamics of the fields fulfilling the
FOSEC resemble the dynamics of the fields in curved spacetime, i.e. under the influence
of gravity. Therefore gravity-like effects emerge from imposing the FOSEC.
The obtained gravitational theory is an effective theory, and it contains an infinite amount
of higher order terms besides the Ricci scalar R (that generates GR). All the gravitational
coupling constants are induced from the original theory. The explicit calculation of the
constants is a standard procedure and lies beyond the scope of this paper. One of the
main problems is that their specific value is dependent of the regulator [43]. In specific
theories, such as scale invariant ones, the gravitational constants are calculable from the
ones of the original theory (incluiding T 0µν) [23,43]. This would solve the problem that the
quantization of GR requires infinite arbitrary coupling constants (i.e. non renormaliz-
able), by relating all of them to the finite number of original coupling constants and T 0µν .
As it has been mentioned above, the requirement of full covariance fixes T 0µν = Λ0gµν ,
so that Λ0 defines the gravitational interaction scale. Higher order terms appear from
higher order loop contributions, therefore they are naturally suppressed and avoid any
inherent problems [61].
An usual problem for adding spin 2 particles into a model is that they must comply with
Weinberg-Witten theorem. It states that, if there are massless spin 2 states |p〉, |p′〉, then
lim
p′→p
〈p′|T hµν |p〉 = 0, (99)
where T hµν is the EMT of the graviton. This forbids non graviton spin 2 particles [62,63].
This theorem does not apply to the graviton emerging from the FOSEC. When matter
is on-shell, the EMT is already conserved and no emergent gravitons are necessary. The
emergent gravitons are auxiliary fields with no on-shell states. They appear to fulfill the
FOSEC, just as ghost appear when fixing the gauge. Just like ghosts, they should appear
in calculations through their propagator and couplings but they don’t appear as external
legs. The theorem is avoided in this setup since there are no on-shell |p〉 states for the
emergent graviton.
The dynamical terms are generated as in Sakharov’s induced gravity, but lacking most
of its usual problems [29]. The main one being the assumption of an arbitrary unknown
curved spacetime without dynamics, without a physical reason. Here, the actual space-
time is always flat but the dynamics of the original fields change (through the FOSEC) so
that they behave as if they were on a curved spacetime. Even though the mathematical
structure is the same as in curved spacetime, the emergent metric is not related to the
spacetime curvature but to a change in the behavior of the off-shell field configurations
that fulfill the FOSEC. The FOSEC implies curvature to emerge in the quantum vacuum
and not in the actual spacetime. Therefore this curvature emerges from a purely quantum
process, reminiscent of the ER=EPR idea [64].
One can also reverse engineer the ideas in this work. One can assume a QFT with
a quantized metric for a curved spacetime, then forbid any non-renormalizable kinetic
terms. The metric without dynamics can be integrated out This imposes the FOSEC.
An emergent theory of gravity has been obtained. The underlying theory lies in a flat
spacetime. Imposing the FOSEC changes the quantum vacuum by limiting the available
off-shell configurations. In general a linear theory is obtained, while in specific models a
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non linear GR-like theory can emerge. The FOSEC creates gravity-like effects resembling
a quantized metric of a curved spacetime [65]. The emergent nature of the dynamical
terms fix the effective couplings in terms of the original ones.
5 Conclusions
It has been shown that imposing the FOSEC on a general lagrangian implies the appear-
ance of a graviton without dynamics. The dynamical terms are induced a` la Sakharov
through quantum corrections. This has been explicitly shown for a lagrangian with a
complex scalar and a fermion. In general the FOSEC implies the emergence of linear
quantum gravity.
In the case of a massless fermion, the FOSEC, together with the off-shell vanishing of the
spin tensor requirement, implies the appearance of the full Poincare` gauge theory, with
GR as a subset. In the case of scalar field without a potential, GR can be obtained. Both
cases appear with a quantized metric. All dynamical terms are obtained through quantum
corrections. This induces gravity a` la Sakharov but does not need any prior assumption
on the spacetime geometry, that always stays flat. The emergent metric arises from
the changes of the off-shell configurations, when complying with the FOSEC. Although
the metric is mathematically equivalent to the one that comes from curved spacetime,
conceptually it originates from a modification in the quantum behavior of the original
fields. This way, a quantized graviton emerges, whose non-renormalizable couplings are
all effectively calculable from the original theory and the EMT of the original system.
This evades the Weinberg-Witten theorem, since the emergent gravitons are auxiliary
fields without off-shell configurations.
It was shown that imposing the FOSEC on a lagrangian, causes a quantized gravity-like
metric field to emerge in that lagrangian. The spacetime is always flat and imposing the
FOSEC implies the emergence of a quantized metric whose curvature describes modifi-
cations on the quantum vacuum that drive off-shell processes. Therefore imposing the
FOSEC implies an emergent quantum gravity.
References
[1] E. P. Verlinde, JHEP 1104 (2011) 029 [arXiv:1001.0785 [hep-th]].
[2] L. Sindoni, SIGMA 8 (2012) 027 [arXiv:1110.0686 [gr-qc]].
[3] N. S. Linnemann and M.R. Visser, Stud. Hist. Phil. Sci. B 64 (2018) 1
[arXiv:1711.10503 [physics.hist-ph]].
[4] C. Barcelo, S. Liberati and M. Visser, Class. Quant. Grav. 18 (2001) 3595 [gr-
qc/0104001].
[5] T. Padmanabhan, arXiv:1602.01474 [gr-qc].
[6] D. Oriti, arXiv:1807.04875 [physics.hist-ph].
17
[7] A. D. Sakharov, Sov. Phys. Dokl. 12 (1968) 1040 [Dokl. Akad. Nauk Ser. Fiz. 177
(1967) 70] [Sov. Phys. Usp. 34 (1991) no.5, 394] [Gen. Rel. Grav. 32 (2000) 365]
[Usp. Fiz. Nauk 161 (1991) no.5, 64].
[8] C. Barcelo, M. Visser and S. Liberati, Int. J. Mod. Phys. D 10 (2001) 799 [gr-
qc/0106002].
[9] S. Capozziello and M. De Laurentis, Phys. Rept. 509 (2011) 167 [arXiv:1108.6266
[gr-qc]].
[10] S. Nojiri and S. D. Odintsov, Phys. Rept. 505 (2011) 59 [arXiv:1011.0544 [gr-qc]].
[11] C. D. Carone, J. Erlich and D. Vaman, JHEP 1703 (2017) 134 [arXiv:1610.08521
[hep-th]].
[12] S. Weinberg, The Quantum theory of fields. Vol. 1: Foundations,
[13] S. Weinberg, The quantum theory of fields. Vol. 2: Modern applications,
[14] P. Cartier and C. DeWitt-Morette, Functional Integration : Action and Symmetries,
[15] J. Glimm and A. M. Jaffe, Quantum Physics. A Functional Integral Point Of View,
New York, Usa: Springer ( 1987) 535p
[16] R. J. Rivers, Path Integral Methods in Quantum Field Theory.
[17] Lars Hormander, The Analysis of Linear Partial Differential Operators I.
[18] D. N. Blaschke, F. Gieres, M. Reboud and M. Schweda, Nucl. Phys. B 912 (2016)
192 [arXiv:1605.01121 [hep-th]].
[19] Y. Q. Gu, gr-qc/0612106.
[20] R. Aldrovandi, S. F. Novaes and D. Spehler, Gen. Rel. Grav. 26 (1994) 409.
[21] E. Alvarez and A. F. Faedo, Phys. Rev. D 76 (2007) 124016 [arXiv:0707.4221 [hep-
th]].
[22] G. Scharf, Quantum gauge theories: A true ghost story.
[23] S. L. Adler, Rev. Mod. Phys. 54 (1982) 729 Erratum: [Rev. Mod. Phys. 55 (1983)
837].
[24] S. Ichinose and M. Omote, Nucl. Phys. B 203 (1982), 221-267
[25] Y. n. Obukhov, Nucl. Phys. B 212 (1983) 237.
[26] I. G. Avramidi, Nucl. Phys. Proc. Suppl. 104 (2002) 3 [math-ph/0107018].
[27] D. V. Vassilevich, Phys. Rept. 388 (2003) 279 [hep-th/0306138].
[28] I. G. Avramidi, Adv. Theor. Math. Phys. 14 (2010) no.1, 309 [arXiv:0903.1295 [hep-
th]].
[29] M. Chaichian, M. Oksanen and A. Tureanu, arXiv:1805.03148 [hep-th].
[30] H. Azri, Class. Quant. Grav. 36 (2019) no.16, 165006 [arXiv:1808.09348 [gr-qc]].
[31] I. Avramidi, Lect. Notes Phys. Monogr. 64 (2000), 1-149
[32] D. Blas, J. Phys. A 40 (2007) 6965 [hep-th/0701049].
[33] E. Alvarez, J. Anero and R. Santos-Garcia, arXiv:1903.05653 [hep-th].
[34] G. ’t Hooft and M. J. G. Veltman, Ann. Inst. H. Poincare Phys. Theor. A 20 (1974)
69.
18
[35] J. Bjorken, Annals Phys. 24 (1963), 174-187
[36] H. Terazawa, K. Akama and Y. Chikashige, Prog. Theor. Phys. 56 (1976), 1935
[37] H. Terazawa, K. Akama and Y. Chikashige, Phys. Rev. D 15 (1977), 480
[38] D. Amati and M. Testa, Phys. Lett. B 48 (1974), 227-231 doi:10.1016/0370-
2693(74)90018-5
[39] B. Broda and M. Szanecki, Phys. Lett. B 674 (2009) 64 [arXiv:0809.4203 [hep-th]].
[40] M. Visser, Mod. Phys. Lett. A 17 (2002) 977 [gr-qc/0204062].
[41] S. L. Adler, Phys. Lett. 95B (1980) 241.
[42] A. Zee, Phys. Rev. D 23 (1981) 858.
[43] Y. V. Novozhilov and D. V. Vassilevich, Lett. Math. Phys. 21 (1991) 253.
[44] V. P. Frolov and D. V. Fursaev, Phys. Rev. D 56 (1997) 2212 [hep-th/9703178].
[45] C. D. Carone, T. V. B. Claringbold and D. Vaman, Phys. Rev. D 98 (2018) no.2,
024041 [arXiv:1710.09367 [hep-th]].
[46] C. D. Carone, Mod. Phys. Lett. A 35 (2019) no.04, 2030002 [arXiv:1911.13166 [hep-
th]].
[47] C. D. Carone, J. Erlich and D. Vaman, Class. Quant. Grav. 36 (2019) no.13, 135007
[arXiv:1812.08201 [hep-th]].
[48] I. L. Buchbinder, S. D. Odintsov and I. L. Shapiro, Bristol, UK: IOP (1992) 413 p
[49] C. Kiefer, Int. Ser. Monogr. Phys. 124 (2004), 1-308
[50] T. Padmanabhan, Int. J. Mod. Phys. D 17 (2008) 367 [gr-qc/0409089].
[51] S. Deser, Gen. Rel. Grav. 1 (1970) 9 [gr-qc/0411023].
[52] D. G. Boulware and S. Deser, Annals Phys. 89 (1975) 193.
[53] Y. N. Obukhov, Int. J. Geom. Meth. Mod. Phys. 15 (2018) no.supp01, 1840005
[arXiv:1805.07385 [gr-qc]].
[54] W. Cordeiro dos Santos, e-Boletim da F´ısica - SSN:2318-8901 eBFIS77244(2019)
[arXiv:1905.08113 [gr-qc]].
[55] M. Blagojevic´ and F. W. Hehl, Gauge Theories of Gravitation : A Reader with
Commentaries.
[56] I. L. Shapiro, [arXiv:1611.02263 [gr-qc]].
[57] J. B. Jime´nez, L. Heisenberg and T. S. Koivisto, Universe 5 (2019) no.7, 173
[arXiv:1903.06830 [hep-th]].
[58] M. Adak, Turk. J. Phys. 30 (2006), 379-390 [arXiv:gr-qc/0611077 [gr-qc]].
[59] R. Aldrovandi and J. G. Pereira, Fundam. Theor. Phys. 173 (2013).
[60] F. W. Hehl and Y. N. Obukhov, arXiv:1909.01791 [gr-qc].
[61] J. F. Donoghue, Phys. Rev. D 50 (1994) 3874 [gr-qc/9405057].
[62] A. Jenkins, Int. J. Mod. Phys. D 18 (2009) 2249 [arXiv:0904.0453 [gr-qc]].
[63] F. Loebbert, Annalen Phys. 17 (2008) 803.
[64] J. Maldacena and L. Susskind, Fortsch. Phys. 61 (2013) 781 [arXiv:1306.0533 [hep-
th]].
19
[65] S. Carlip, Stud. Hist. Phil. Sci. B 46 (2014) 200 [arXiv:1207.2504 [gr-qc]].
20
